Radio-astronomical observations of the supermassive black-hole candidate in the galactic center will soon offer the possibility to study gravity in its strongest regimes and to test different models for these compact objects. Studies based on semi-analytic models and strong-field images of stationary plasma configurations around boson stars have stressed the difficulty to distinguish them from black holes. For the first time, we present generalrelativistic magnetohydrodynamic simulations followed by consistent general-relativistic radiative-transfer calculations in a boson-star spacetime to revisit the appearance of these objects in a realistic accretion scenario. We find that the absence of an event horizon in a boson star leads to important differences in the dynamics of the accretion and results in both the formation of a small torus in the interior of the boson star and in the absence of an evacuated high-magnetization funnel in the polar regions. Synthetic reconstructed images considering realistic astronomical observing conditions show that differences in the appearance of the two compact objects are large enough to be detectable. These results, which also apply to other horizonless compact objects, strengthen confidence in the ability to determine the presence of an event horizon via radio observations and highlight the importance of self-consistent multidimensional simulations to study the compact object at the galactic center.
Radio-astronomical observations of the supermassive black-hole candidate in the galactic center will soon offer the possibility to study gravity in its strongest regimes and to test different models for these compact objects. Studies based on semi-analytic models and strong-field images of stationary plasma configurations around boson stars have stressed the difficulty to distinguish them from black holes. For the first time, we present generalrelativistic magnetohydrodynamic simulations followed by consistent general-relativistic radiative-transfer calculations in a boson-star spacetime to revisit the appearance of these objects in a realistic accretion scenario. We find that the absence of an event horizon in a boson star leads to important differences in the dynamics of the accretion and results in both the formation of a small torus in the interior of the boson star and in the absence of an evacuated high-magnetization funnel in the polar regions. Synthetic reconstructed images considering realistic astronomical observing conditions show that differences in the appearance of the two compact objects are large enough to be detectable. These results, which also apply to other horizonless compact objects, strengthen confidence in the ability to determine the presence of an event horizon via radio observations and highlight the importance of self-consistent multidimensional simulations to study the compact object at the galactic center. 
I. INTRODUCTION
Observations of the galactic center have confirmed the existence of a supermassive compact object at the radio source Sgr A*. Stellar motions have constrained its mass to ≈ 4 × 10 6 M [1, 2] and its density to ≈ 6 × 10 15 M pc −3 [2] , favoring the hypothesis of a single massive object. Moreover, its low luminosity combined with its estimated accretion rate indicates the absence of an emitting hard surface [3] . All of these features are consistent with a supermassive black hole (SMBH) as those believed to exist at the centers of most galaxies and, in particular, in the nearby elliptical galaxy M 87. International efforts from the Event Horizon Telescope Collaboration (EHTC) [4] and BlackHoleCam [5] aim to use very-long-baseline interferometry (VLBI) techniques in a joint effort to image the galactic center, achieving, for the first time, a resolution comparable to the size of the event horizon. The outcome of such observations is expected to be a "crescent" or ring-like feature, consisting of a dark region (the shadow of the black hole) obscuring the lensed image of a bright accretion disk [6] . The shape of this shadow can be exploited either to determine the properties of the black hole or to perform tests of general relativity [7] , a possibility assessed by Mizuno et al. [8] in a realistic scenario for the 2017 EHTC campaign and for near-future observations.
However, because all of the expectations above rely on the assumption that Sgr A* is a black hole, it is natural to wonder whether this conjecture could blind us to other plausible alternatives, thus missing out on new insights in fundamental physics. In fact, black holes are not the only objects allowed by general relativity which fulfill the constraints of: (1) being able to grow to millions of solar masses, (2) being extremely compact and (3) lacking a hard surface 1 . Some examples include: geons [11] , oscillatons [12] , Q-balls [13] and compact configurations of self-interacting dark matter [14] .
Boson stars, compact objects formed from scalar fields, are a very interesting case due to the ubiquity of the latter in cosmology [15, 16] , string theory [17] and extensions to general relativity such as scalar-tensor theories [18] . Several authors have explored the possibility that supermassive boson stars could exist at the centers of galaxies or act as blackhole mimickers [see, e.g., [19] [20] [21] [22] . Consequently, a number of studies have explored the signatures of such objects, which include the dynamics of accreted particles [21] , the gravitational redshift [20] and lensing [23, 24] of radiation emitted within the boson star, and the stellar orbits around them [25] . Guzmán [26, 27] studied spectra of alpha-discs [28] around boson stars, reporting the lack of a clear signature distinguishing them from black holes. Motivated by the forthcoming observations of the EHTC, Vincent et al. [19] reached similar conclusions by comparing strong-field images of stationary tori around black holes and boson stars (see also Cunha et al. [24] for a different conclusion). However, the robustness of these considerations is limited by the fact that such configurations do not allow matter to freely explore the interior of the boson star, as would happen in a realistic accretion scenario.
Subsequently, Meliani et al. [29] simulated non-magnetized accretion onto boson stars and black holes, finding a significantly different behaviour caused by the absence of an event horizon, specifically, a polar outflow produced by the collision of matter infalling on the equatorial plane. However, this study did not include a systematic investigation of the discernability of the emission from the two compact objects via raytraced images. Moreover, since accretion onto astrophysical compact objects is believed to be a result of the magnetorotational instability (MRI [30] ), and radiation at the observing frequencies of VLBI experiments is produced by synchrotron emission, the inclusion of magnetic fields is essential to realistically simulate VLBI observations.
We here revisit the question of the observational appearance of a boson star and challenge the notion that accreting boson stars and black holes cannot be distinguished. To this end, we extend the work of Vincent et al. [19] on strongfield images of stationary tori around boson stars, by performing the first general-relativistic ideal-magnetohydrodynamic (GRMHD) simulations of the accretion flow onto a nonrotating boson star. Using these simulations, we perform generalrelativistic radiative-transfer (GRRT) calculations and produce synthetic images accounting for realistic EHTC observations. We compare the dynamics of the accretion flow with those in the case of a Kerr black hole, and contrast the images obtained in each case. As we will highlight in what follows, when considering magnetized accretion and realistic observational corrections of the ray-traced images, we can conclude that it is possible to discriminate between an accreting black hole and a boson star.
II. PHYSICAL SCENARIO
We simulate numerically and in three spatial dimensions (3D) the accretion from a magnetized torus onto a Kerr black hole with total angular momentum J, a Schwarzschild black hole, and a nonrotating boson star, all with the same mass M . The Kerr black hole has a dimensionless spin parameter a := J/M 2 = 0.9375 (we use units with G = c = 1). Although results relative to a Schwarzschild black-hole case will also be presented, we first focus our discussion on the comparison between the nonrotating boson star and the Kerr black hole. There are two reasons behind this choice. First, rotating boson stars are computationally more difficult to generate, requiring the solution of a system of elliptic partial differential equations instead of the ordinary differential equations which describe nonrotating models. Being this our first study of the observational properties of boson stars performed in such detail, we decided to start with the simplest configuration and leave others for future work. As will be explained below, this already conduced us to results that are applicable also to rotating cases. In addition, this approximation might not be so severe in light of the fact that very compact horizonless objects, including boson stars, cannot be rapid rotators since they are subject to a dynamical instability when rotating fast enough to produce ergoregions [10, [31] [32] [33] . The more compact the boson star, the smaller the spin parameter required to produce an ergoregion. Second, the absence of a surface or a capture cross section permits stable circular orbits down to the center of the boson star [27] . From an observational point of view, this is expected to lead to smaller source sizes, with emission concentrated near the center. On the other hand, the size of a black-hole image is closely related to that of its shadow, which is smaller for rapidly spinning black holes. Hence, the image of a rapidly rotating black hole will be closer in size to that of a nonrotating boson star having the same mass, making the issue of the distinguishability much more relevant. In addition, it is possible that the complex lensing patterns that can be generated by rotating boson stars [19, 24] would produce images that are more easily distinguishable from those of black holes. Overall, these considerations all suggest that interpreting strong field images is most challenging when comparing a nonrotating boson star and a rapidly rotating black hole.
The boson star spacetime considered here is a solution of the Einstein-Klein-Gordon system in spherical symmetry for the potential of a mini boson star [34] . More information on the methods used to obtain this solution is given in Appendix A. For the model considered here, the compactness is C := M 99 /R 99 = 0.07, where R 99 is the radius where within which 99% of the mass (M 99 ) is contained. This is already very compact for a boson star with a quadratic potential (the maximum limit for stable configurations is 0.08). Although this is not the largest compactness possible for boson stars 2 , in Sec. III we will discuss how it is sufficient to provide a very general signature of the flow that allows one to distinguish black holes from boson stars.
To simulate the accretion flow we used the code BHAC [38] , which solves the equations of GRMHD in arbitrary stationary spacetimes using state-of-the art numerical methods. The plasma was assumed to follow an ideal-fluid equation of state with adiabatic indexγ = 4/3 [39] . Random perturbations are added to the initial equilibrium torus to trigger the MRI and allow accretion. Again, details on the construction of the tori, and the choices made in order to perform a fair comparison and to ensure a proper resolution of the MRI are provided in Appendix B. Since the mass of the accretion disk is negligible compared to that of the compact object (test-fluid approximation), the spacetime can be considered fixed. Except for gravitation, the scalar field has no interaction with the fluid or the electromagnetic fields.
III. NUMERICAL RESULTS
As mentioned in Sec. II, from now on we will focus on the comparison between the Kerr black-hole case and that of the boson star. After the initial growth and saturation of the MRI at t 1000 M , the accretion flow for both objects becomes quasi-stationary for t 5000 M . This is illustrated in 
where Γ is the Lorentz factor and g is the metric determinant. In the case of the black hole, we take r 0 to be the radial coordinate of the outer horizon, while r 0 = 2M in the case of the boson star. Comparing the behaviour of these two quantities it is possible to appreciate that while the black hole has always a positiveṀ , the boson star can also record negative values. This is allowed at all radii due to the absence of an event horizon. 3 The absence of magnetic monopoles implies that the magnetic flux through any closed surface, such as the event horizon, is zero. However, the absolute magnetic flux near the horizon is important to compute the jet luminosity in the Blandford-Znajek model (see e.g., [40] ) and to identify when the electromagnetic field has saturated and reached force balance with matter (see e.g., [41] ). For this reason, the computation of the absolute magnetic flux has become customary in numerical studies of accretion onto black holes.
As we will discuss below, this outflow is due to oscillations of a stalled-accretion torus produced close to the steep centrifugal barrier that develops inside the boson star (see Appendix C). A magnification ofṀ during the quasi-stationary stage of the accretion is shown in the inset of Fig. 1 [panel (a) ], highlighting these quasi-periodic inflows and outflows. When comparing the typical frequency associated with the quasiperiodic oscillations inṀ , we have found it to be close to the epicyclic frequency at the inner edge of the mini torus. This is not surprising since matter accumulates in this region and small perturbations there will trigger trapped p-mode oscillations that induce large excursions, both positive and negative, in the accretion rate [42] . Figure 2 shows a snapshot at t = 9500 M and on the meridional plane, of rest-mass density ρ [panels (a) and ( This small torus, which effectively represents a stalled portion of the accretion flow, is produced by a steep centrifugal barrier and by the suppression of the MRI. In fact, as a result of the reduced curvature in the boson-star interior, the orbital angular velocity decreases towards the center, violating the criterion for the occurrence of the MRI and stalling matter at the radius where the rotation profile reaches a maximum (see [30] and Appendix C for a detailed analysis).
As will be shown in Sec. IV, the accumulation of matter in the stalled-accretion torus produces an emitting region with an intrinsic source size smaller than that expected for a blackhole shadow, that can provide a signature for distinguishing surfaceless black-hole mimickers. Such smaller source sizes can be expected to be produced under very general circumstances. In fact, should the rotation profile not decrease towards the origin, matter would keep losing angular momentum and accumulate at the center of the star, also producing bright emission from a small source size. For compact objects with exterior spacetimes very similar to those of black holes, an inversion in the rotation profile capable of stalling the accretion flow will occur at radii smaller than that of the corresponding event horizon, potentially making them distinguishable from black holes. This phenomenology can be expected for all horizonless for all surfaceless accreting objects non-interacting with the plasma and the electromagnetic field.
It can also be noticed that though still orders of magnitude less dense than the rest of the simulation, the polar region in the boson star is much less clean than that of the black hole [panels (a) and (b)] of Fig. 2 ). In fact, while the black hole's gravity is able to evacuate the polar regions and traps matter with no possibility of return, hot plasma at the interior of the boson star can become gravitationally unbound due to its thermal energy and flow out through the polar regions as a slowly moving wind with Lorentz factors Γ 1.05. This outflow is, however, of a nature fundamentally different from that ob- served by Meliani et al. [29] , which is caused by the pressure increase at the stellar center due to matter accreted radially at the equatorial region, and without magnetic fields or angular momentum. For such shocked matter with no centrifugal support, the polar regions represent the only direction where escape is possible. Also, due to the lack of rotation of this particular boson star model, it is not able to produce BlandfordZnajek jets as those expected from Kerr black holes [43] . As a comparison, the polar outflow in the Kerr simulation can reach Γ 2.25. We expect to investigate whether more relativistic jets can be produced by rotating boson stars in future simulations.
IV. RAY-TRACED AND SYNTHETIC IMAGES
We next discuss how to use the results of the GRMHD simulations to produce ray-traced and synthetic images at the EHTC observing frequency of 230 GHz, assuming a population of thermal electrons which emit synchrotron radiation and are also self-absorbed. Several parameters need to be fixed when converting the dimensionless quantities evolved numerically to produce physical images. We fix the mass M = 4.02 × 10 6 M 0.04 AU and the distance from the observer to 7.86 kpc [1]. This sets the length and time scalings of the radiative-transfer calculations (see, e.g., [8, 44] ) and yields the appropriate flux scaling. Finally, the ion-toelectron temperature ratio T i /T e [45] , the observer inclination angle θ obs , and the compact object mass-accretion ratė M are chosen such that, at a resolution of 1024 × 1024 pixels, the total integrated flux of the image reproduces Sgr A*'s observed flux of 3.4 Jy at 230 GHz [46] . After re-scaling, the dimensionless mass accretion rates shown in panel (a) of Fig. 1 acquire the physical values 8.19 × 10 −10 M /yr for the Kerr black hole and 3.85 × 10 −7 M /yr for the boson star, when averaged over the interval in which the images were calculated. In this way, using the radiative-transfer code BHOSS [47] , we produce images at several observing angles, and present here those at θ obs = 60
• (Fig. 3) , consistent with observational constraints [48] . We follow the same procedure to produce analogous images for the Schwarzschild case in order to highlight the fact that they differ more from those of the boson star despite the closer similitudes of the spacetime. We note however that the larger image size caused by the more extended emitting region near the ISCO makes them incompatible with present constraints on the source size of Sgr A*, i.e., 120 ± 34 µas [49] .
For each compact object, we consider the interval t/M ∈ [8900, 10000], which for Sgr A* corresponds to an observing time of ∼ 6 h. At these times, the GRMHD simulations are well within the quasi-stationary state (cf. Fig. 1 ). The leftmost panels of Fig. 3 show the median of the ray-traced images and can be used to draw some general considerations regarding the features that make the boson star distinguishable from the Kerr case, which shows the closest similitude. First, the boson star exhibits a smaller source size as a result of the emission from the small torus in its interior and thus at radii comparable or smaller than the black-hole horizon. As mentioned in Sec. III, the location of this mini-torus is determined by the radius at which the rotation profile reaches a maximum. Therefore, also for more compact boson stars, for which the exterior spacetime is increasingly similar to that of a black hole, the mini torus will be located at radii smaller than that of the event horizon, yielding always a smaller source size as a distinguishing feature. Second, the boson star yields a more symmetric image due to the absence of frame-dragging, which significantly reduces Doppler boosting and consequently the sharp contrast in emission between fluid approaching and receding from the observer. Given that boson stars that are both compact and rapidly spinning are believed to be unstable, a higher symmetry is likely to be a common property of boson star images. Finally, although less likely to be noticed by observations, the boson-star image lacks a sharp transition between the middle dark region and its bright surroundings, which is a fundamental property of a black-hole shadow and the narrow photon ring. In fact, due to the absence of a photon-capture cross section, the central dark region in the boson star case is simply a lensed image of the central lowdensity region. From these ray-traced images, we finally generate synthetic radio images using the EHTIm software package [50] . We select as an observing array the configuration of the EHTC 2017 observing campaign, consisting of eight radio telescopes in the US, Europe, South America and the South Pole. To mimic realistic radio images, we follow closely the 2017 observing schedule, using an integration time of 12 s, an on-source scan length of 7−10 min calibration and pointing gaps between the on-source scans and a bandwidth of 4 GHz. Within these constraints we perform the synthetic observations of the galactic center on April 8th 2017 from 08:30 to 14:30 UT. The visibilities are computed by Fourier-transforming the GRRT images and sampling them with projected baselines of the array [50] . During this calculation, we include thermal noise and 10% gain variations as well as interstellar scattering by a refracting screen [51] . We reconstruct the final images using a maximum entropy method (MEM), provided with EHTIm. In addition to the calculation of the synthetic images, we convolve the GRRT images with 50% of the EHTC beam (second column in Fig. 3 ). These images can be used to examine the influence of the sparse sampling of the Fourier space and interstellar scattering on the reconstructed images (third column in Fig. 3) .
A visual inspection of the reconstructed images (third column in Fig. 3 ) shows a clear difference between the three compact objects, both in size and structure, with the Kerr blackhole image exhibiting a "crescent" structure. A more quantitative statement can be made by computing image-comparison metrics, such as the structural dissimilarity index (DSSIM) [52] . The DSSIM is computed between the convolved GRRT images and the reconstructed ones and, to guarantee that we compare similar structures within both images, we perform an image alignment prior to its calculation and restrict to a Table I . Given these values, we conclude that the models are distinguishable by current EHTC observations. An additional tool to discriminate between the two objects can come from the variability of the emission. Given the qualitative differences in the accretion rate, we expect different spectral-energy properties and different closure-phase variabilities for the two objects (see Appendix C), especially for large antenna triangles, which probe the innermost regions currently accessible by the EHTC.
V. CONCLUSIONS
We combined the first 3D GRMHD simulations of accretion onto a boson star with GRRT calculations, with the goal of determining whether, under realistic observing conditions such as those of the EHTC, an accreting nonrotating boson star can be distinguished from a black hole, focusing on the most challenging case of a rapidly rotating Kerr black hole. By comparing the images produced for the two compact objects using very similar setups, we found important differences, both in the plasma dynamics and in the GRRT images, which permit to distinguish the two objects. For the boson star case, the dynamical differences include the formation of a small torus in its interior and the absence of an evacuated highmagnetization funnel in the polar regions, while its images show a smaller source size and a more symmetric emission structure, in contrast to the characteristic crescent of Kerrblack-hole accretion. While these results have been obtained for a nonrotating boson star, we conjecture that they also apply qualitatively in the case of rotation as well as for other surfaceless and horizonless compact objects. This conjecture is based on three important properties shared by these objects: (i) Horizonless and surfaceless objects allow the accumulation of matter at their interior. For monotonically decreasing rotation profiles, this accumulation will occur at the center, while for rotation profiles having a maximum, this will occur at this maximum in the form of a stalled mini torus. For very compact objects that have exterior spacetimes similar to those of black holes, this feature will occur at radii smaller than that of the event horizon of the corresponding black-hole space-time, resulting in a smaller observed image size. (ii) Compact objects rotating sufficiently fast to produce ergospheres are unstable. Consequently, the asymmetry produced by Doppler boosting in black-hole images is likely to be reduced for horizonless objects. (iii) The central dark region that can be produced by these objects does not result from a photon capture cross section as is the case for black hole; rather, it represents the lensed image of the central low-density region, which has a diffuse boundary. As a result, the corresponding shadow can be expected to be have a much reduced brigthness contrast.
All of these considerations need to be corroborated by additional simulations, which we plan to perform in the near future. In particular, it would be very interesting to verify whether the complex lensing patterns produced by rotating boson stars -as those found by Vincent et al. [19] and Cunha et al. [24] -do indeed facilitate to distinguish them from black holes when produced in a realistic observational scenario.
Finally, we note that ongoing pulsar searches around Sgr A* [53] , when successful, could provide additional important information to the experiment outlined here. A suitable pulsar orbiting a rotating boson star, would enable a precise determination of its spin and possibly even its quadrupole moment, providing valuable input for interpretation of the image and complementary tests [7, 54, 55] . Details on this will be part of future work. Overall, our results and the ability to distinguish between these compact objects underline the potential of EHTC observations to extend our understanding of gravity in its strongest regimes and to potentially probe the existence of self-gravitating scalar fields in astrophysical scenarios. As mentioned in Sec. II, to obtain the boson star spacetime we solve in spherical symmetry the Einstein-Klein-Gordon system of equations for a complex scalar field Φ with the potential of a mini boson star [34] , 
where M Pl is the Planck mass. The method for computing these configurations is presented in a number of works [see, e.g., 34, 56] . In brief,we start from the Ansatz
for the scalar field, and
for the metric, where φ, α and γ rr are real functions of the radial coordinate r only. The line element in equation (A3) is a special case that follows from the general 3+1 metric
when the 4-velocity of Eulerian observers n µ = (1/α, −β i /α) has zero shift (β i = 0), and after a particular choice of spherical coordinates (see [39] ).
Upon substitution of eqs. (A2) and (A3) in the EinsteinKlein-Gordon system, we obtain a system of four ordinary differential equations, which we integrate by means of the fourth-order Runge-Kutta method, enforcing asymptotic flatness with a shooting method. The boson star considered here has an oscillation frequency ω M ≈ 1.06 and a scalar particle mass of m ≈ 0.34 (M Pl /M )M Pl . A comparison between its metric functions and those of a Schwarzschild black hole is shown in Fig. 4 . For the mass of Sgr A* (M 4.02×10 6 M [1]), this corresponds to m ≈ 10 −17 eV/c 2 , which is within the range allowed by astronomical observations [35] .
Appendix B: Initial torus and development of MRI
The torus around the boson star was built according to the prescription by Abramowicz et al. [57] , which was derived for general axisymmetric metrics and is frequently employed for building tori around black holes. For the boson star case, the metric functions of the Kerr spacetime were replaced by those correspondent to that of the boson star. Inside the torus, we set up a poloidal magnetic loop from a vector potential following density isosurfaces, A φ ∝ max((ρ/ρ max − 0.2), 0). We adopted the following actions in order to make the comparison between the simulated accretion flows as close as possible:
1. Using the bisection method, the value of the constant angular momentum of the tori was set in such way that they shared the same inner (outer) radius of 6 (42) M .
2. We normalized the rest-mass density such that in each case it took the maximum value ρ max = 1.
3. We re-scaled the magnetic field so that the ratio of gas to magnetic pressure had a minimum of β min = 11.2.
The simulations were performed in polar coordinates on a grid logarithmically spaced in the radial direction. We employed three levels of adaptive mesh refinement triggered by the Löhner scheme [58] , to give an effective resolution of {N r , N θ , N φ } {512, 128, 128}, and with the outer boundary placed at 1000 M , thus with a radial-grid spacing of 0.19 M at the inner edge of the torus. The accretion torus was perturbed to trigger the MRI, causing turbulent transport of angular momentum and driving the accretion [30] . To ensure the ability to resolve the MRI, the resolution employed is comparable to those encountered in the literature for simulations of accretion onto black holes (see e.g., [8, 59] ). As customary, we have computed the MRI "quality factor" Q MRI (see [60, 61] ), making sure that Q MRI 6 in the relevant regions (Fig. 5) , which ensures that the correct saturation values of the shear stress and the ratio between magnetic and fluid pressure are achieved [60] .
Appendix C: Dynamics of the stalled torus
Origin of the stalled torus. Without an event horizon or a hard surface, a boson star also lacks a capture cross section. As a consequence, steep centrifugal barriers appear for all angular momenta (except exactly zero) and it is possible to find stable circular orbits at all radii. Although this motivated Guzmán [26, 27] to use α-discs extending up to the origin to model accretion onto boson stars, in our simulations we observe the formation of a 'hole' with low-density material at the center, surrounded by a dense mini-torus.
To investigate the origin of this feature, we recall that the plasma obeys the equations for local conservation of restmass, energy and momentum
where ∇ µ denotes the covariant derivative, and T µν is the energy-momentum tensor of the fluid and the magnetic field Here ρ is the rest-mass density, h the fluid specific enthalpy, p the thermal pressure and b µ the components of the magnetic field, all measured in the fluid frame (see [38] ). After adopting the 3 + 1 decomposition of the spacetime described by equation (A4), it is possible to obtain an evolution equation for each component of the covariant 3-momentum
Then, by grouping the terms in the evolution equation of radial momentum S r by their origin, it is possible to show that this structure is formed by the balance of gravity and the centrifugal force.
Assuming symmetry in the φ direction and with respect to the equatorial plane, the different contributions to the evolution of S r are: 
where √ γ is the square root of the 3-metric determinant, B i and v i are the components of the magnetic field and the fluid 3-velocity, W ij := γ iµ γ jν T µν those of the covariant stress tensor and U = n µ n ν T µν the total energy density, all defined in the Eulerian frame. In equation (C4), both magnetic pressure and tension are considered under the label 'magnetic forces'.
As shown in the upper panel of Fig. 6 , the dominant term that balances gravity is the centrifugal force in φ, while the evolution of radial momentum towards the equilibrium state is guided by dynamic pressure. The contribution labeled as 'shift', which results from the movement of Eulerian observers with respect to the coordinate system, is zero for the case considered here and is therefore omitted in Fig. 6 .
We found that the mechanism that determines the inner edge of this stalled mini-torus is the suppression of the MRI. As the gravitational force decreases towards the center of the boson star, the angular velocity required for stable circular orbits decreases as well. The rotation profile of the accretion flow approximately follows that of stable circular orbits, and its angular velocity decreases. The MRI-stability criterion dΩ 2 /dR > 0, where R = r sin θ [30] , is fulfilled and the accretion disk becomes unable to lose angular momentum through this mechanism and is stalled by the centrifugal barrier at the radius where dΩ 2 /dR = 0. The lower panel of Fig. 6 shows the coincidence between this radius and the inner edge of the torus in the equatorial plane. Without the principal mechanism for angular momentum transport, the plasma cannot penetrate the centrifugal barrier except by diffusion (see also Torres [62] for a different mechanism truncating the accretion disk for rotating boson stars).
Although this mechanism prevents matter for reaching the center of the boson star and accumulating there, it is worth mentioning that matter still accumulates at radii similar or smaller to that of the black hole horizon. Together with the fact that the gravitational well of the boson star is unable to capture photons, this accumulated matter could be observed as a bright source with size smaller than that of the expected black hole shadow, possibly allowing to distinguish between the two objects, as shown in Sec. IV.
Quasi-periodic oscillations. As anticipated in Sec. III, another peculiarity of accretion onto the boson star is the presence of strong quasi-periodic oscillations in the mass inflow. By calculating the power spectral density (PSD) of the time series (Fig. 7) , it can be observed that in our simulation the frequency peaks around f ≈ 0.04 M −1 = 0.002 Hz, which closely corresponds to the epicyclic frequency κ/2π at the location of the inner edge of the torus (cf. Fig. 6 ). The PSD reported in Fig. 7 was obtained by averaging that of 10 nonoverlapping time windows in the interval 5000 − 10000 M . The large amplitude of these oscillations is caused by the high density in the mini-torus, which results in the displacement of a large amount of mass with every cycle. This could provide additional means for distinguishing accreting black holes form boson stars, as we could expect the latter to show quasiperiodic oscillations at higher frequencies. In fact, for circular orbits around black holes, the epicyclic frequency decreases to zero at the innermost stable circular orbit and becomes imaginary closer to the black hole [63] . Power spectral density of the mass accretion at r = 2 M for the boson star. A peak can be observed at f = 0.002 Hz, which corresponds to the epicyclic frequency at the inner edge of the mini torus (black dashed line).
